Abstract Fractionation of plant butters like avocado (Persea americana) may yield useful fat derivatives with distinct physical and functional properties. In this study, avocado butter was sequentially crystallized in acetone at 5°C (2 h), 0°C (24 h), and -20°C (24 h) until the mother-liquor becomes devoid of any crystal formation. The high-melting stearin isolated at 5°C and low-melting olein isolated at -20°C were compared with the original sample in terms of fatty acid and triacylglycerol (TAG) compositions and thermal profiles. With respect to the original sample, lowmelting olein is possessed with higher proportions of diunsaturated and triunsaturated TAG while high-melting stearin is found to become enriched with disaturated and trisaturated TAG molecules. These differences in compositions make the basic physico-chemical parameters as well as the thermal profiles of high-melting stearin and low-melting olein to be distinctly different from those of the original sample.
Introduction
Fractionation is one of the important techniques used to isolate fat derivatives from plant and animal lipids. The most widely practiced form of fractionation of lipids is crystallization. As the component TAG molecules of fats are found to possess different melting points (MP), at a certain temperature, TAG with lower MP would stay liquid while those with higher MP are found to crystalize. Once the phase separation is stabilized during crystallization, it would be possible to isolate a higher melting component known as stearin and a low-melting liquid component called olein. As the success of fractionation of lipids is mainly dependent on the thermal properties of the component TAG molecules, detailed studies on the thermal properties are necessary. Among the different thermo analytical techniques, differential scanning calorimetry (DSC) has been proven to be one of the most useful tools for monitoring the thermal behavior of lipids [1] [2] [3] . As of date, thermal studies have been carried out for fractionation of palm oil [4, 5] , milk fat [6, 7] , lard [8] , mee fat [9] , beef fat [10] , etc. Similar to palm oil, avocado butter extracted from locally available Malaysian cultivars can also be subjected to fractionation since they are in semisolid form at room temperature conditions [11] . Although the general thermal profile of avocado butter has already been discussed, previous studies on its fractionation behavior mainly focusing on composition and thermal characteristics are limited. The information of this kind would be greatly helpful to increase the application range of avocado butter in product development activities. Hence, the objective of this study was to determine the thermal behavior of avocado butter at different crystallization temperatures and to characterize its high-and low-melting components with respect to thermal profiles and fatty acid and TAG compositions.
Experimental

Materials
For this study, mature fruits of avocado cultivar (Avo-2) were collected in two batches from a location in West Malaysia. Avocado fruits were cut open, and minced manually into fine pieces after removing the seeds. The minced pieces of the mesocarp were dried in a tray type dryer (Memmert Model UFB 400, GmbH ? Co. KG, Germany) for 24 h at 60°C and subsequently ground into powder using a Warring blender (Model 32BL80, Dynamic Corporation of America, New Hartford, CT). All the chemicals used in this study were of analytical and HPLC grade, unless otherwise specified.
Methods
Oil extraction
Oil extraction from finely ground samples of dried avocado fruits was carried out by soxhlet extraction method using petroleum ether (40-60°C) [12] . The extracted oils were kept in an oven at 60°C for 1 h to expel solvent before storing at -20°C. Before analysis, the oil samples were removed from frozen storage, and left static at room temperature for 1 h and then warmed at 60°C until they became completely molten.
Fractional crystallization of avocado butter
A portion of the melted sample of avocado butter (AVB) was mixed with acetone in 1:2 (w/v) ratio. The solution was boiled at 60°C until it became uniformly dissolved, and then was left at 5 ± 1°C for 2 h to crystallize. The precipitated fat was filtered off to give a high-melting fat fraction called avocado stearin (AVS). The filtrated mother-liquor was recrystallized at 0 ± 1°C for 24 h and the precipitated fat was filtered off. The filtrated mother-liquor was re-crystallized again at -20.0°C for 24 h to allow the remaining solid to precipitate. After removing the precipitate the mother-liquor was evaporated under reduced pressure to yield a liquid fraction called avocado olein (AVO) [9] .
Determination of slip melting point (SMP) and iodine value (IV) SMP and IV of the fat samples were determined according to AOCS method Cc.3.25, and AOCS method Cd Id-92, respectively [13] .
Fatty acid analysis
Fatty acid methyl esters (FAME) were prepared by dissolving 50 mg portion of the oil in 0.8 mL of hexane and adding 0.2 mL portion of 1 M solution of sodium methoxide [14] , then analyzed on a gas chromatograph (Agilent Technologies, Singapore) fitted with a FID detector. The polar capillary column RTX-5 (0.32 mm internal diameter, 30 m length, and 0.25 lm film thickness; Restex Corp., Bellefonte, PA) was used. The oven temperature was programmed as follows: initial temperature of 50°C (for 1 min), and programmed to increase to 200 at 8°C/min. Both injector and detector temperatures were maintained at 200°C throughout the analysis. The carrier gas (helium) flow rate was 1.0 mL/min and the split ratio was 58:1. The identification of the peaks of the samples was done with reference to a chromatographic profile containing FAME standards (Supelco, Bellefonte, PA). The percentage of fatty acid was calculated as the ratio of the partial area to the total peaks area [8] .
Triacylglycerol compositional analysis
The TAG composition was determined using Waters Model 510 liquid chromatography equipped with a differential refractometer Model 410 as a detector (Waters Associates, Milford, MA). The analysis of TAG was performed on a Merck Lichrosphere RP-18 column (5 lm) (12.5 cm 9 4 mm i.d.; Merck, Darmstadt, Germany). The mobile phase was a mixture of acetone:acetonitrile (63.5:36.5) and the flow rate was 1.5 mL/min. The oven temperature was maintained at 30°C. The injector volume was 10 lL of 5% (w/w) oil in chloroform. Each sample was chromatographed two times, and the data was recorded as area percentages [8] . The identification of the peaks of the samples was done in accordance with the TAG profiles of avocado oil reported previously by Yanty et al. [11] and a set of TAG standards supplied by Sigma-Aldrich Chemicals (Deisenhofen, Germany).
Thermal analysis by differential scanning calorimetry
Thermal analysis was carried out on a Mettler Toledo differential scanning calorimeter (DSC 823 Model) equipped with a thermal analysis data station (STARe software, Version 9.0x, Schwerzenbach, Switzerland). Nitrogen (99.99% purity) was used as the purge gas at a rate of *20 mL/min. Approximately 4-8 mg of molten sample was placed in a standard DSC aluminum pan and then hermetically sealed. An empty, hermetically sealed DSC aluminum pan was used as the control. The oil/fat samples were subjected to the following temperature program: The sample was held at 70°C isotherm for 1 min to eliminate the thermal history of the samples, then cooled at 5°C/min to -90°C and held for 1 min. The sample was then heated from -90°C to 70°C at the same rate [8] .
Statistical analysis
In all analyses, the results were expressed as the mean value ± standard deviation. Data was statistically analyzed by one-way analysis of variance (ANOVA), by using Tukey's Test of MINITAB (version 15) statistical package at 0.05 probability level.
Results and discussion
Basic physico-chemical characteristics
The physical nature of the lipid is an important aspect with regard to its usage in various consumer products. It is heavily dependent on the basic physico-chemical parameters such as SMP and IV values. The SMP and IV of AVB and its fractions are compared as shown in Table 1 . The SMP value of the native sample (30.0°C) being below the physiological temperature indicates its suitability for its direct use in food. It is somewhat lower than those of other plant-based fats such as palm oil [4] , and mee fat [9] , but comparably similar to that of lard [8] . After fractionation of AVB, the solid component isolated is found to possess higher SMP (42.5°C) and lower IV (42.8) indicating its harder nature. These values are more or less comparable to those of soft-stearin isolated from palm oil [15] . Similar to palm stearin, AVS may find uses in fat-based products such as spreads and chocolates. Owing to its high SMP, it may also be useful as a fat ingredient used in sticks and other solid formulations. Sometimes, it may be difficult to formulate a good product with the native avocado butter due to its lower state of hardness. On the other hand, AVO is found to possess higher IV (103.7) as compared to the native AVB. AVO may remain entirely as a liquid at lowtemperature ranges even longer period of storage. Unlike AVS, it may be easier to use in lotions since it could give a lighter skin-feel and better skin penetration.
Fatty acid compositional changes
Fatty acid composition of AVB and its fractionated products are compared as shown in Table 1 . The major fatty acids of AVB used in this study are oleic, palmitic, and linoleic, while palmitoleic and linolenic occur in lesser amounts [11] . Unlike cocoa butter, AVB is found to have an extremely low content of stearic acid (1.3%). This characteristic composition is found to be affected by fractional crystallization of AVB as there are considerable deviations in the fatty acid profiles of the fractions. As shown in Table 1 , the major fatty acids of AVS are palmitic followed by oleic, and linoleic, comprising about 94.33% of the total. In fact, tremendous increase in the proportion of palmitic acid (59.63%) could be noticed, with concurrent reductions in both oleic (29.08%) and linoleic acids (5.62%) with respect to the native sample. These changes in fatty acid distribution could be accounted for the lower iodine value and higher slip melting point of AVS as given in Table 1 . The data in Table 1 also shows the fatty acid changes taking place in AVO, which is the liquid fraction. As a common feature, both AVO and AVB are found to possess higher percentage of unsaturated fatty acids than saturated fatty acids. In AVO, oleic (60.51%) is the most dominant fatty acid followed by palmitic (26.20%) and linoleic (5.90%) acids. With respect to the native sample, the proportion of oleic acid has increased significantly (P \ 0.05), with the concurrent reduction in palmitic acid. Naturally, with the migration of more palmitic acid into the solid phase, the liquid phase would become more enriched with oleic acid. These changes in the fatty acid composition of AVO are also found to tally with the change in the degree of unsaturation indicated by the iodine value (Table 1) .
TAG compositional changes TAG composition of AVB and its fractionated products are compared as shown in Table 2 . The major TAG molecular species of AVB used in this study are POO, POL, PPO, OOO, and OOL comprising 74.9% of the total [11] . If AVB is subjected to fractional crystallization, majority of the trisaturated and disaturated TAG molecules would tend to migrate into the solid phase, leaving more monosaturated and triunsaturated TAG molecules in the solvent phase. This would bring drastic changes in the TAG composition of the fractions isolated, namely AVS and AVO. According to Table 2 , PPP, PPO, and POO are the major TAG molecular species of AVS while OOO, PPS, and POL occur in lesser amounts. With respect to the native sample, there have been tremendous increases in PPP (38.31%) and PPO (30.08%) with concurrent reductions in OOL (1.1%), POL (1.64%), and OOO (5.28). This is found to tally with the fatty acid data of AVS as presented in Table 1 , where saturated fatty acids (62.51%) have increased tremendously while unsaturated fatty acids (37.50%) are on the decline. This would have caused the increase in SMP and decrease in iodine value of AVS as noticed in Table 1 . On the other hand, the TAG profile of AVO is also found to deviate considerably from that of the native sample. According to Table 2 , it is found to possess OOO, OOL, POL, and POO as the major TAG molecules, but almost negligible amounts of the TAG molecules PPP, SPO, and PPS. The proportions of OOO (22.40%) and OOL (16.99%) in AVO are remarkably higher than those of the same TAG molecules found in either AVB or AVS. Meanwhile, other TAG molecular species of AVO such as PPO, POO, and POL have shown significant (P \ 0.05) decreases in proportions with respect to the native sample. The higher proportions of diunsaturated and triunsaturated TAGs in AVO could have lead to the occurrence of increased amounts of oleic and linoleic acids in the overall fatty acid distribution. As a consequence, AVO displays an increased value of IV as shown in Table 1 .
Thermal characteristics by cooling curves
The DSC cooling curves of AVB and its high-and lowmelting fractions are presented in Fig. 1 . The cooling curve of the AVB [curve (B)] displayed three major exothermic transitions, representing the crystallization of TAG molecules in three steps. The exothermic peak at 22.2°C (b 1 ), which appear to crystallize first could be considered as the transition corresponding to high-melting glycerides (HMG), while the two peaks at -2.70°C (b 2 ), and -64.40°C (b 3 ) are thermal transitions that correspond to the crystallization of low-melting glycerides (LMG) ( Table 3 ). The existence of a wider gap between b 1 (HMG) and b 2 (LMG) could be advantageous for the fractionation of AVB into high-and low-melting components. A similar situation in the thermal behavior of palm oil has already given success in the fractionation of palm oil into palm stearin and palm olein [4] . When a sequential fractional crystallization is carried out at 5, 0, and -20°C, it would eliminate higher melting TAG molecules in varying proportions from the original sample. This TAG compositional change would eventually affect the thermal behavior of AVB significantly. As shown in Fig. 2 , the higher melting transition (p 1 ) of AVB [curve (P)] is found to gradually decrease at 5°C [curve (Q)] and 0°C [curve (R)], until finally disappear at -20°C [curve (S)]. Hence, it could be assumed that the greater part of the higher melting TAG molecules would have been eliminated from the motherliquor with the final crystallizing step at -20°C.
In Fig. 1 , the cooling profiles of the fractions, AVO and AVS are represented by the curves (A) and (C), respectively. In curve (C), the onset of crystallization of AVS is found at 41.6°C with the two transitions occurring at 40.5°C (c 1 ), and 32.55°C (c 2 ). With respect to the cooling profile of the native sample [curve (B)], the onset of crystallization of AVS has increased with a concurrent shift in the thermal transitions toward the higher temperature region. In addition, the sharpness of the two thermal peaks suggests that a greater part of crystallization in AVS would take place within a narrow temperature range. As thermal events of lipids are strongly related to their TAG composition [8, 9, 11] , the changing profile of AVS could be attributed to the enrichment of the disaturated (PPO) (30.08%) and trisaturated (PPP and PPS) (42.28%) TAG molecules in AVS (Table 2) . It is because TAG molecules with greater amount of saturated fatty acids would crystalize at a higher temperature than those with more unsaturated fatty acids [16] . The cooling profile of AVO as displayed in Fig. 1 is also found to have features, which are completely different from those of AVB. With the peak onset at -10.20°C, AVO is found to display a sharp thermal transition at -12.70°C. The absence of any significant thermal transition in the temperature region above -10°C is a feature that indicates the migration of the greater proportion of the TAG molecular species belonging to the HMG group. With the reduction of disaturated (PPO) (0.22%) and trisaturated (PPP and PPS) (0.61%) TAG molecules, there is a remarkable increase in the proportion of triunsaturated (OOL and OOO) (39.39%) TAG molecules in AVO ( Table 2 ). As these are TAG molecular species, which tend to crystallize at lower melting temperatures [16] , the thermal transition of AVO is found to occur in the low-temperature region of the DSC curve (Table 3) .
Thermal characteristics by heating curves DSC melting profile of AVB and its high-and low-melting fractions are compared in Fig. 3 . As seen previously with the cooling profile, here also, the native sample had two well-separated endothermic transitions, which could be identified as the low and high-melting regions [curve (B)]. The low-melting region consisted of a major sharp peak at -5.50°C (b 2 ) with shoulder-peaks at -12.20°C (b 1 ) and 7.60°C (b 3 ) while the high-melting region was a broad transition with two maxima at 26.55°C (b 4 ) and 41.35°C (b 5 ) ( Table 3 ). The curve (A) representing AVS is distinctly different from that of the native sample, as its highmelting thermal transition at 55.10°C (a 1 ) becomes more dominant while the low-melting transition becomes less significant. With respect to the native sample, the peak maximum of thermal transition is also found to shift toward the high-temperature region ( Table 3) . As discussed before, these changes could be attributed to the increasing proportions of disaturated and trisaturated TAG molecular species in AVS, which are generally found to have higher melting temperatures [16] . Curve (C) in Fig. 3 representing AVO is also found to differ remarkably from that of the native sample. It displays broad thermal transition in the lower-temperature region with peak maxima at -24.0°C (c 1 ) and -2.10°C (c 2 ), but hardly any significant thermal transition beyond 2.5°C. With respect to the native sample, the peak maxima of thermal transitions are also found to shift toward the low-temperature region. As explained before, here too, the reason for these changes could be attributable to the increasing proportion of diunsaturated and triunsaturated TAG groups in the liquid fraction (Table 2) .
Conclusions
This study shows that DSC could be a useful tool to monitor the fractional crystallization behavior of AVB in acetone at 5, 0, and -20°C. The solid component isolated at 5°C is found to have become enriched with TAG molecules esterified with more saturated fatty acids and could be designated as the high-melting fraction (AVS). As it displays its major thermal transition in higher temperature region (peak max = 55.15°C), it could be useful as a ingredient in hard-melt products. In the meantime, the liquid component isolated at -20°C becomes enriched with TAG molecules esterified with more unsaturated fatty acids and could be designated as the low-melting fraction (AVO). Since it displays its major thermal transitions in low-temperature region (peak-1 = -2.65°C and peak-2 = -24.05°C), it could be useful in the formulation of products those required to be ease in melt. 
